Abstract: To develop a low-carbon construction model for bituminous pavement construction, this study divides the fieldwork construction of bituminous pavement into aggregate stacking, aggregate supply, and other stages. This study also reviews a list of previous works that investigate energy consumption during bituminous pavement construction and proposes a quantitative method for CO 2 emissions. Based on this method, the proportion of carbon emissions in each stage is analyzed, and the weight coefficient of carbon emissions is calculated. An analytic hierarchy process is used to establish the judgment matrix within the system of bituminous pavement construction, which in turn facilitates the calculation of the weight coefficient in each stage. Moreover, the stages of aggregate heating, bitumen heating, and bituminous mixture mixing are identified as the key stages in quantifying the carbon emissions. The carbon emissions in these three stages account for approximately 64.19%, 14.56%, and 14.02% of the total carbon emissions, respectively. Following the energy evaluation of the key stages, this study proposes a low-carbon building technology scheme that considers both emission reduction and economic benefits. Through the two low-carbon reduction projects of changing the type of energy and reducing the water content, the carbon emissions and costs of bituminous pavement construction are significantly reduced. The proposed energy-saving and emission reduction scheme therefore provides a theoretical basis and technical support for the low-carbon development of bituminous pavement construction.
Introduction
Research has shown that abnormal extreme weather is closely related to the CO 2 generated from human activities [1] . The International Energy Agency (IEA) survey has shown that greenhouse gases produced by highway construction and operations are an essential factor of global warming [2] . According to statistics, the United States annually invests approximately USD 150 billion and 350 million tons of raw materials for highway construction and maintenance, respectively; about 6% percent of the greenhouse gases are produced by construction processes, 13 .4% of which originate from highway construction processes [3] [4] . The present annual total carbon emissions in Denmark have nearly reached 52.5 million tons, 30.5% of which originate from transportation and construction processes [5] .
Scholars from various countries have conducted research on greenhouse gases generated by highway construction processes. Using an artificial neural network and the parameter estimation method, Byungil proposed a framework of greenhouse gas emissions with limited data and information to help estimate the potential greenhouse gases generated from bituminous pavement construction [6] . Bird proposed that the process of highway construction can be divided into three stages-material production, material transport, and paving-and analyzed energy consumption by applying the life cycle analysis method on the construction of the renewable bituminous pavement in Great Britain [7] . However, the calculation of carbon emissions in domestic and international research mainly focuses on the building life cycle of carbon emissions. Thorough research on the environmental pollution caused by bituminous pavement construction is yet to be conducted. Furthermore, the evaluation research on carbon emissions and energy-saving measures have been initiated only recently, the pertinence of which remains weak.
Carbon emission quantitative method

Quantitative method
Generally, hot mix bitumen is mostly used as bituminous pavement material. This material emits large quantities of CO 2 , CH 4 , and N 2 O [8] [9] [10] . The first step in the quantitative method is to determine the parameters. Data collection was conducted for each unit and the collected data processed as described in the final unit. Thus, the whole building was always the ultimate environment to exchange each computing unit basis. Determining the measurement parameter is the cornerstone of the system to standardize and establish a horizontal comparison of measurement units. Bitumen production and construction have various stages with different levels of energy consumption and greenhouse gases produced. This study employed carbon emission factors to calculate the carbon emissions of various modes of energy consumption (Tab. 2) [11] [12] [13] [14] [15] [16] . Gases with global warming potential (G wp ) [17, 18] were transformed into their CO 2 equivalents [19, 20] . The GWP are shown in Tab. 3. For more accurate results, this study compared various aspects of carbon emissions related to the selected parameters. A simple principle study identified carbon emissions in bitumen construction as measurement parameter. The study also correlated energy consumption and the state of emissions during bituminous mixture production to establish a quantitative method of evaluation for this stage. In this paper, CO 2 and CO 2 equivalents of other greenhouse gases with G wp were considered as carbon emissions. The CO 2 equivalents of all greenhouse gases were calculated and then summarized based on the results for the G wp (Tab. 3). The equivalent total CO 2 emission can then be calculated based on the previous calculation.
This study ultimately determined the quantification model of carbon emissions, as all functional units, including the production of bituminous mixture and each stage of construction, were also included in the model. Carbon emission in i stage can be expressed as Eq. (1), whereas total carbon emissions can be expressed as Eq. (2):
where G i is carbon emission in i stage, G is total carbon emissions, m ij is energy(j) consumption in i stage, Q j is the unit heat quantity of energy( j), P j is the carbon emission factors of energy( j), G wpk is the G wp of greenhouse gas(k).
Carbon emissions investigation
On the basis of the results of investigations of Chinese expressways and the quantitative method, the carbon emissions in each stage of bituminous pavement construction were calculated and the carbon emissions of each expressway were obtained (Fig.1) . Results indicate significant differences in carbon emissions from bituminous mixture production and construction. The total carbon emission is similar to the energy type in various sector. When the energy types differ, the total carbon emissions have considerable differences. The main reason behind this phenomenon is that the production and construction of bituminous mixture are complicated processes. Carbon emissions are related not only to the construction technology, machinery, and construction team on service life, but also to the type of fuel, construction management, and other aspects. Carbon emissions can be reduced considerably when clean energy sources are selected as fuel. The reduction of aggregate moisture can contribute to a reduction in carbon emissions in the construction process.
Key stages
Proportion of carbon emissions
The production and construction process of bituminous mixture included bitumen heating and aggregate heating. The energy consumed in the 8 stages varied. According to the different energy consumed in different stages, the 10 expressways were divided into 3 classes, namely, A, B, and C. A stands for the bitumen heating stage with coal and aggregate heating stage with heavy oil. B stands the bitumen heating and aggregate heating stage with heavy oil. C stands for the bitumen heating and aggregate heating stage with natural gas. Based on the calculation results and the comparison of carbon emissions in each stage, the proportion of carbon emissions were obtained (Tab. 4). The above analysis shows that, the energy types were different, but there was a similar proportion of carbon emissions in each stage. Aggregate heating accounted for the largest proportion of carbon emissions (approximately 64.19% of the total carbon emissions). Bitumen heating accounted for approximately 14.56% of the total carbon emissions, whereas mixture mixing accounted for approximately 14.02%. Consequently, aggregate heating, bitumen heating, and mixture mixing together counted for more than 90% of carbon emissions in the whole carbon emission stage. Thus, these stages had the biggest impact on carbon emissions. The rest of the stages had a slight influence on total carbon emissions.
Weight of carbon emissions
On the basis of the calculation and comparison of carbon emissions in every stage of production and construction of bituminous mixture, this paper identified the situation of carbon emissions in each stage and provided the corresponding weights [22, 23] . Through the analysis on weight function, the key stages in the whole carbon emission stage could be intuitively determined, thus reducing the impact caused by information bias or lack of comparison. In the current paper, the weights of each stage in the bituminous mixture production were calculated through the analytic hierarchy process [21] . The specific steps are as follows.
(1) Establish a hierarchical structure system. The system was divided into eight stages, namely, aggregate stocking carbon emissions, aggregate supply carbon emissions, aggregate heating carbon emissions, bitumen heating carbon emissions, carbon emissions of mixture mixing stage, mixture transport carbon emissions, mixture paving carbon emissions, and mixture material rolling carbon emissions.
(2) On the basis of the importance scale (Tab.5), pairwise comparisons were conducted on the importance of element compositions to define the impact of each stage and establish an 8 × 8 matrix. Factor i is slightly more important than factor j 5 Factor i is more important than factor j 7 Factor i is much more important than factor j 9
Factor i is absolutely more important than factor j The weight function directly reflected the relative degree of influence of each stage. From Tab. 6, the weight of aggregate heating stage was the largest at 0.4130, followed by the weight of bitumen heating at 0.2335 and then by mixture mixing at 0.1522. The weights of the other stages were small and had small effect on carbon emissions. The carbon emissions in aggregate heating, bitumen heating, and mixture mixing accounted for a large proportion of the total carbon emissions.
Analysis on carbon emissions in key stages
Based on the above analysis, the energy types were different but had similar proportions of carbon emissions in each stage. The carbon emission in aggregate heating, bitumen heating, and mixture mixing together accounted for more than 90% of the total amount of carbon emissions. Aggregate heating, bitumen heating, mixture mixing, and the other stages accounted for approximately 64.19%, 14.56%, 14.02%, less than 10%, respectively.
According to the analysis on the weight function, the weight of aggregate heating, bitumen heating off barrel, and mixing stage were 0.4130, 0.2335, and 0.1522, respectively, accounting for a large proportion (0.8) of the sum of weight (1.0). Thus, the total weight of the other stages was small (0.2%). The stages that owned the majority of the weight had a dominant influence on the carbon emission.
According to the analysis on the proportion of carbon emissions and weight function, given the different types of energy, more than 80% of the carbon emissions were produced in the aggregate heating, bitumen heating, and mixture mixing stage, which were the major sources of carbon emissions in the production and construction of bituminous mixture. Accordingly, aggregate heating, bitumen heating, and mixture mixing were defined as the key stages of carbon emissions of bituminous mixture. Analysis on the key stages of carbon emissions played an important part in the study of carbon emissions in the whole stage.
Carbon emissions evaluation
The production and construction of bituminous mixture from raw material to completed bituminous pavement include various construction stages. Each construction process consumes large amounts and different types of energy. In the surveyed expressways, the bitumen heating, aggregate heating, and mixture mixing were the key stages of carbon emissions of bituminous mixture. The relationship between total carbon emissions and carbon emissions from the key stages is shown in Fig. 2 . Fig.2 shows that given the similar trend between total carbon emissions and carbon emissions in the key stages, the evaluation on carbon emissions of construction and production of bituminous mixture could be obtained by evaluating the carbon emissions of key stages. Considering that the primary energy in mixture mixing is industrial electricity, which has less greenhouse gas emissions and stable energy consumption, this type of electricity had a small impact on total carbon emissions. Therefore, the evaluation of key stages only depends on aggregate heating and bitumen heating. bitumen heating. Fig. 3 shows that carbon emissions in the aggregate heating stage using natural gas was lower than that using heavy oil. Natural gas with clean combustion, high calorific value, and high combustion efficiency released less carbon emissions after combustion. Heavy oil, can achieve atomization combustion but with incomplete combustion [24] . Thus, heavy oil releasing more carbon emissions than natural gas to generate the same amount of heat. Fig. 4 shows the carbon emissions from bitumen heating without barrel. In the stage of bitumen heating, carbon emissions from using natural gas reached the minimum, followed by using heavy oil. Carbon emissions from using coal reached the maximum. Coal, as the main fossil fuel, has a low heat value and low combustion Coal Oil Gas efficiency. To generate the same amount of heat, the amount of coal needed is about 1.34 times of diesel or 2.04 times of natural gas. The calorific value of coal is unstable with strong equipment dependence.
In the comparison between carbon emissions in the key stages, carbon emissions by using natural gas emitted the least carbon. Natural gas was found to be the best energy choice for the production and construction of bituminous mixture. Heavy oil for heating were the second least in carbon emissions. If natural gas is unavailable, then heavy oil is appropriate for heating. In the condition where natural gas and heavy oil are unavailable, the coal can be used as fuel for heating.
Low-carbon scheme
Analysis on change of energy type
The analysis on energy saving and emission reduction in the key stages was based on the carbon emission evaluation. According to the market price, coal was 500 RMB/ton, heavy oil was 4500 RMB/ton, and natural gas was 3.41 RMB/m 3 . A ton of bituminous mixture was used as the unit of measurement. The emission reduction effect is shown in Tab. 7. The analysis on the emission reduction effect in key stages showed that the use of natural gas yielded the minimum carbon emissions and decreased costs. With heavy oil as the energy, the carbon emission and cost slightly increased. Coal had the highest carbon emission. Therefore, considering the economic and environmental benefits, natural gas is the preferred energy, contributing to energy saving and emission reduction.
Analysis on reducing water content
Aggregate heating is the key stage in the production and construction of bituminous mixture. This stage is important in understanding the relation between water content and carbon emissions to reduce carbon emissions. With the heavy oil as an example, the energy consumption was recorded when the water content was reduced, meanwhile, the carbon emissions was calculated by Eq. (1) and the cost was obtained according to the market research. In a condition where bitumen aggregate ratio was 5.1%, powder content was 4%, mixing plant production capacity was 300 t/h, and aggregate heating temperature was 175 ºC, the changes in energy consumption and cost when the moisture content was reduced by 1% could be calculated, by following the quantity of aggregate required to produce one ton of bitumen mixture for units of measurement. The energy saving effect is shown in Tab. 8. From Tab. 8, the water content of the aggregate bituminous mixture had an important role in reducing carbon emissions. Reducing the moisture content can conserve energy and reduce carbon emissions in aggregate heating. Taking effective measures such as building a canopy to reduce water content is an effective way to reduce carbon emissions.
Energy-saving and emission reduction in the key stages
An energy-saving and emission reduction construction scheme was proposed by improving the process control in the key stages. The consumption of energy and carbon emissions in the production and construction of bituminous mixture could be reduced by controlling the energy-saving and emission reduction in the key stages. This paper considered one ton of bituminous mixture as the measurement unit. The energy-saving emission reduction scheme is shown in Tab. 9.
According to the survey, the price of a canopy in the market is RMB 120 /m 2 .
For a canopy area of 3, 000 m 2 , the cost to build such a shelter is nearly RMB 36, 000.
After building the canopy, the moisture content could decrease from 3% to 2%, and gas saved is approximately 0.61 m 3 according to the test. For example, to build a bituminous pavement that is 10 m wide, 18 cm thick, and has an bitumen aggregate ratio 4.8%, the saving in construction of a 3.1 km bituminous pavement would make up the canopy cost. Moreover, a canopy can be reused as an available resource for energy saving and emission reduction in the follow-up project. Although the cost increased when the coal was replaced with natural gas, natural gas had the best emission reduction effect. Changing the energy type and building a canopy and other measures not only reduced carbon emissions, but also effectively reduced the cost.
Conclusions
This study defined the system boundary by investigating the fieldwork construction of bituminous pavement. On account of this system boundary, the sources of carbon emissions were divided into eight stages: aggregate stacking, aggregate supply, aggregate heating, bitumen heating, bitumen mixing, bituminous mixture transport, paving and rolling. Additionally, the present study produced one inventory of bituminous mixture energy consumption based on an investigation on energy consumption.
A method for calculating carbon emissions at each stage was established based on the carbon emission inventory combined with carbon emission factors and G wp ; subsequently, total carbon emissions can be calculated.
The proportion of carbon emissions in each stage was obtained through the calculation model. This study also calculated the weight of carbon emissions at each stage by using the analytic hierarchy process. Analyzing the proportion and weight of carbon emissions aided in the identification of the following key stages: aggregate heating, bitumen heating, and bituminous mixture mixing, which accounted for 64.19%, 14.56%, and 14.02% of the total carbon emissions, respectively.
